The population dynamics of pseudomonads in gilt-head sea bream Mediterranean fish (Sparus aurata) stored under different conditions were studied. Phenotypic analysis and sodium dodecyl sulfate-polyacrylamide gel electrophoresis of whole-cell proteins were performed to identify a total of 106 Pseudomonas strains isolated from S. aurata stored under different temperatures (at 0, 10, and 20°C) and packaging conditions (air and a modified atmosphere of 40% CO 2 -30% N 2 -30% O 2 ). Pseudomonas lundensis was the predominant species, followed by Pseudomonas fluorescens, while Pseudomonas fragi and Pseudomonas putida were detected less frequently. Fluorescent Pseudomonas strains dominated under air conditions, while proteolytic and less lipolytic strains dominated under modified-atmosphere packaging. Different storage conditions appear to govern the selection of pseudomonads in gilt-head sea bream fish.
It is well known that fish spoilage is primarily due to (i) autolysis, (ii) bacterial growth and metabolism resulting in the formation of off-flavor compounds, and (iii) chemical oxidation of lipids. Among these reasons, microbiological activity is by far the most important factor influencing fish quality (22) . However, not all microorganisms in seafood are equally important for quality changes. Fish feeding habits, geographical location, season, sea temperature, type of fish, place in which the fish were harvested, and storage conditions, including temperature and composition of the packaging atmosphere, determine the spoilage domains of specific spoilage organisms (SSO) (22, 36) .
Photobacterium phosphoreum, Shewanella putrefaciens, Brochothrix thermosphacta, Pseudomonas spp., Aeromonas spp., and lactic acid bacteria were found to be members of the microbial association in fish from temperate waters (12, 32) . However, among these, only S. putrefaciens was the SSO of marine cold-water fish stored in ice, while P. phosphoreum was the SSO of fish stored under modified-atmosphere conditions. On the other hand, Pseudomonas spp. and Shewanella spp. were found to be the SSO in fish obtained from Mediterranean Sea temperate waters and stored in ice aerobically (32) . In comparison to data for meat and meat products (19, 45, 57) , identification and characterization of SSO in fish under different storage conditions have not been sufficiently studied. This situation is especially evident with Pseudomonas spp., a group with high heterogeneity and biodiversity within species and/or subspecies. Furthermore, many pseudomonad groups have no clear taxonomic status or natural relationships with other genera (44, 47, 48, 49) .
For both of the reasons mentioned above, the use of conventional phenotypic methods can offer only limited results (6, 9, 42) . In contrast, molecular methods are powerful tools not only for identification at the species level but also for strain characterization (7, 14, 29, 30, 63) . Although molecular fingerprinting methods have been successfully applied for bacteria of medical interest in epidemiological studies, they are not always suitable for tracking a particular strain in the food environment (10) . The use of sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE), an advanced phenotypic method which falls between conventional phenotypic and molecular methods, could be of great importance. Indeed, the electrophoretic separation of cellular proteins is a sensitive technique, providing information on the similarity of strains at the (sub) species level (64) .
Therefore, the aims of the present study were (i) to elucidate the influence of storage conditions, such as temperature and packaging atmosphere, on the selection of these bacteria and (ii) to understand the diversity of pseudomonas populations on fish by characterizing isolated Pseudomonas strains by using both conventional phenotypic analysis and SDS-PAGE of whole-cell proteins.
MATERIALS AND METHODS
Preparation of fish. Fresh, gutted gilt-head sea bream (Sparus aurata) was stored in ice immediately after capture. The fish were kept in ice in a local fishery shop until they were bought within 6 to 8 h after capture and were transported in ice within 30 to 45 min from their purchase to the laboratory. On arrival at the laboratory, they were divided into six portions, which were kept at 0, 10, and 20°C. The fish were stored in individual pouches aerobically and under modifiedatmosphere packaging (MAP) conditions (40% CO 2 -30% N 2 -30% O 2 ) in a Suprovac polyamide laminate packaging membrane (thickness, 90 m; gas permeability at 20°C and 50% rH, ca. 25, 90, and 6 cm 3 m Ϫ2 day Ϫ1 bar Ϫ1 [1 bar ϭ 10
5 Pa] for CO 2 , O 2 , and N 2 , respectively). Samples were taken at appropriate time intervals to monitor microbial growth.
Sample preparation and microbiological analysis. A 25-g portion from the dorsal half of the fish was transferred to a stomacher bag (Seward Medical, London, United Kingdom); 225 ml of 0.1% peptone water with salt (NaCl, 0.85% [wt/vol]) was added, and the suspension was homogenized for 60 s with a stomacher (Lab Blender 400; Seward Medical). Samples (0.1 ml) of serial dilutions of fish homogenates were spread on the surfaces of appropriate media in petri dishes. (i) For the enumeration of pseudomonads, cetrimide-fusidin-cephaloridine agar (code CM 559, supplemented with SR 103; Oxoid, Basingstoke, United Kingdom) was incubated at 20°C for 2 days (40) . (ii) Lactic acid bacteria and B. thermosphacta were also counted by use of MRS and STAA media (Oxoid), respectively (32) . Three replicates of at least three appropriate dilutions were enumerated. All plates were examined visually for typical colony types and morphological characteristics associated with the growth medium.
Curve fitting. The growth data from the plate counts were transformed to log 10 values. The Baranyi model (4) was fitted to the logarithm of the viable cell concentration. For curve fitting, the in-house program DMFit (Institute of Food Research, Reading, United Kingdom) was used; it was kindly provided by J. Baranyi.
Isolation and purification of strains. All plates with countable colonies were examined for typical colony types and morphological characteristics. Colonies were selected from petri dishes having an average of 30 to 50 colonies. Colonies were purified by streaking on inoculated nutrient agar at 4°C for 3 to 5 days. Strains were examined for physiological characteristics such as the following: Gram staining (24), cell morphology, flagellar arrangement (39), oxidase reaction (33), catalase formation, aerobic and anaerobic breakdown of glucose (27) , ammonia production from arginine (61), acid production from maltose (11), decarboxylation of ornithine (18) , lipolytic activity (55), production of fluorescent pigment (31) , and growth at different temperatures (41) . Strains were grown overnight on nutrient agar at 25°C. Then, a colony was transferred to 10 ml of nutrient broth and incubated for 18 h at 25°C. Cells were collected aseptically by centrifugation at 4°C for 15 min at 13,518 ϫ g, washed twice with physiological saline (0.85% [wt/vol] NaCl), and finally resuspended in 1.0 ml of physiological saline. Washed cells (Ͼ10 6 cells per ml) were plated on microplates containing media and incubated at 25°C. Growth was assessed on days 1, 4, 7, 12, and 14 by using a microtiter plate reader. Tests were performed in triplicate. A blank without an added carbon source and a standard with added glucose were also used as described by Drosinos (15) .
Preparation of cell extracts. Strains were subcultured in 9 ml of nutrient broth for 24 h at 25°C. They were then grown on nutrient agar for 48 h at 25°C. Cells were collected and washed with phosphate buffer (pH 7.3; 10 mmol liter Ϫ1 ) containing 0.8% NaCl. Cell extracts were prepared from approximately 100 mg of bacterial cells (wet weight) and suspended in 1 ml of Tris-HCl buffer (pH 6.8; 62 mmol liter Ϫ1 ) containing 2% sodium dodecyl sulfate, 5% (vol/vol) mercaptoethanol, and 10% (wt/vol) glycerol. The cell suspension was heated for 10 min at 100°C, cooled on ice, and centrifuged at 4°C for 15 min at 10,000 rpm. The supernatant obtained (protein extract) was stored at Ϫ20°C and used for SDS-PAGE analysis (63) .
PAGE of proteins. Whole-cell protein extracts were prepared as described above. Registration of the protein electrophoretic patterns, normalization of the densitometric traces, grouping of strains by the Pearson product-moment correlation coefficient, and Unweighted Pair Group Method Using Arithmetic Averages (UPGMA) cluster analysis were performed as described by Pot et al. (51) using the software package GelCompar (version 4.0; Applied Maths, Kortrijk, Belgium).
RESULTS
Changes in the population of pseudomonads. The growth of Pseudomonas in fish stored under different packaging conditions is shown in Fig. 1 . The growth rate for pseudomonads under both packaging conditions ( Fig. 1 ) was higher at 20°C than at the other two temperatures (10 and 0°C). Pseudomonads were the dominant organisms under aerobic conditions, while lactic acid bacteria and B. thermosphacta were the dominant microbial associations in gilt-head fish stored in a modified atmosphere (results not shown).
Characterization of Pseudomonas spp. From a total of 150 isolated and purified colonies, 106 were further subjected to physiological tests and to SDS-PAGE analysis of whole-cell proteins, as described in Materials and Methods. All of the strains were gram negative, were catalase and oxidase positive, showed oxidative metabolism on Hugh-Leifson medium, could hydrolyze arginine, and could grow at 4°C. None of them decarboxylated ornithine, produced phenazine pigment, or grew at 42°C. All of the strains were able to assimilate arabitol, hydroxy-L-proline, D-mannitol, D-quinate, and D-glucose. On the contrary, creatine and mucate were not assimilated. Sixtyfive percent of the strains produced fluorescent pigment on King medium B, while proteolytic and lipolytic activities as well as acid production from maltose and assimilation of 11 further carbon sources varied among the strains ( Table 1) .
The computerized numerical analysis of the protein electropherograms revealed five main clusters. The reproducibility of the SDS-PAGE technique was estimated by including duplicate runs of a single protein extract on separate gels (r, Ն0.94). A good correlation between the clusters derived by the SDS-PAGE analysis (Fig. 2) and the phenotypic characterization (Table 1 ) was noted and is discussed below.
Cluster I included 17 strains with a similarity level of Ն0.89. Only 5 and 2 out of the 17 strains were proteolytic and lipolytic, respectively. Fluorescent pigment was produced by 47% of these strains, and most of them could assimilate the majority of the carbon sources tested. Concerning origin (Table 2) , the main portion of the strains (64.7%) was derived from samples stored at 10°C under aerobic conditions, followed by strains isolated from fish stored at 20°C, again under aerobic conditions (17.7%). Finally, two strains belonged to the initial fish microflora, while one strain was isolated from fish stored under MAP conditions at 20°C.
A total of 36 strains grouped together in cluster II at an r value of Ն0.895. All strains produced fluorescent pigment, 77.8% exhibited proteolytic activity, but only 22.2% were lipolytic. The majority of the strains were derived from samples stored under aerobic conditions (Table 2 ), mainly at 10°C (27.7%) and in a slightly lesser degree from fish stored at 0°C (22.2%) and 20°C (22.2%). However, seven strains were isolated from fish stored under MAP conditions, either at 0°C (13.9%) or at 10°C (5.6%). Finally, three strains belonged to the initial fish microflora. It is interesting that despite their distinct phenotypic profiles, eight reference strains belonging to three different Pseudomonas species, namely, F 324 (P. fluorescens biovar V-1), F 384 (P. fluorescens biovar V-5), F 335 (P. fluorescens biovar III-1), F 388 (P. fluorescens biovar I-1), F 10553 (P. fragi), F 47 (P. fragi), F 385 (P. putida biotype A), and F 46 (P. putida), grouped together with the 36 strains of cluster II.
Cluster III comprised four strains at an r value of Ն0.88; these were the only ones among all the strains that showed both proteolytic and lipolytic activities. All four strains produced fluorescent pigment and could assimilate a rather limited number of carbon sources. Three were derived from samples stored at 0°C under aerobic conditions, while one belonged to the endogenous initial fish microflora (Table 2) .
Cluster IV comprised 45 strains at an r value of Ն0.88. Only 10 strains (22.2%) were lipolytic, while 40% of the strains showed proteolytic activity and 45% were able to produce fluorescent pigment. Only 25% of the 45 strains were both proteolytic and fluorescent. Strains in cluster IV exhibited the poorest carbon source assimilation among all of the strains examined in this study; however, they all produced acid from maltose. Almost half of the strains (51.1%) were derived from fish stored at 0°C under aerobic conditions (Table 2) . Four strains (8.9%) originated from samples stored under MAP conditions, while seven strains (15.6%) belonged to the initial fish microflora. The identical phenotype of cluster IV and the Finally, four strains grouped at an r value of Ն0.84 in cluster V. They were all proteolytic, producing at the same time acid from maltose. Fifty percent of these strains produced fluorescent pigment. Finally, they showed fairly good assimilation of carbon sources. Three strains were derived from samples stored at 20°C under MAP conditions, while only one belonged to the initial fish microflora (Table 2 ).
DISCUSSION
It is well known that pseudomonads are ubiquitous bacteria in nature. Due to their ability to utilize a wide range of organic compounds, they occupy an important ecological position in the carbon cycle. Therefore, the ecology of pseudomonads in the biosphere has been a matter of interest. In this sense, an accurate system for the classification and identification of pseudomonads is an essential prerequisite for a detailed investigation of the roles and evolution of these bacteria originating in either animal (e.g., fish and meat) or plant products.
However, the classification of Pseudomonas strains is problematic due to the lack of an accurate taxonomic system (67) . The need for taxonomic revision of Pseudomonas spp. was emphasized in the early studies of Ayres (2) . At that time, the classification, nomenclature, and identification of species of this genus, the trinity that Cowan et al. (11) referred to as taxonomy, were wholly unsatisfactory. This situation resulted in many poorly defined species of the genus in the reports of most investigators (58) , especially those of food microbiologists (2). Different identification schemes based on multiple physiological characters, such as carbon source utilization and pigment formation, have been suggested and used for species differentiation, but with doubtful success (19) . Advanced phenotypic methods, such as whole-cell protein fingerprinting, fatty acid profiling (mainly 2-and 3-hydroxy fatty acids), and enzyme-linked immunosorbent assaying with polyclonal antibodies against live cells, have proved to be more efficient and reliable for the differentiation and classification of pseudomonads (53, 59) .
In recent years, molecular methods, such as DNA-rRNA hybridization (14, 50) , DNA-DNA hybridization (62), direct comparison of rRNA sequences (37), comparison of macrorestriction patterns by pulsed-field gel electrophoresis (25) , and gel electrophoresis of stable low-molecular-weight components of the rRNA pool (26) , have been widely applied in order to establish the phylogenetic relationships between new isolates and previously defined taxa. However, no matter what methodology is used for the identification of Pseudomonas strains, there is always confusion.
In the present study, both the phenotypic characterization and the SDS-PAGE analysis grouped the pseudomonad isolates in five clusters (Table 1 and Fig. 2 ). Of the five clusters obtained, several (cluster I to IV) could be equated, on the basis of comparisons with published data (5, 42, 54) , with recognized species at a high degree of certainty (Table 1) .
Clustering of pseudomonads in five major groups was proposed in the classic studies by Stanier et al. (58) . This classification of species appeared to have been formulated by com- (100) 29 (100) 14 (100) 8 (100) 3 (100) 4 (100) 106 9 prehensive testing of phenotypic attributes of isolates (i.e., for their ability to use a wide range of organic substrates as sole carbon and energy sources for aerobic growth). Subsequently, it was shown that each group was a relatively closely circumscribed rRNA-DNA hybridization group (50) . It has been shown, however (65) , that only one of the groups, the fluorescent one of Stanier et al. (58) , is Pseudomonas sensu strictu. All pseudomonads isolated from meat belong to this genus. Such information is lacking as far as the pseudomonads of fish isolates are concerned. The approach of Stanier et al. (58) was applied to isolates from meat and meat products without success (13) . In retrospect, this was not an unexpected result for the simple reason that Stanier et al. (58) did not include isolates from any foods, e.g., vegetable, meat, or other chilled proteinaceous foods (e.g., fish), in their culture collection. Subsequent studies by Banks and Board (3), Molin and Ternstrom (41) , and Shaw and Latty (54) endorsed this observation, and various biovars of P. fragi became widely accepted as the principal aerobic gram-negative spoilage organisms in the microbial associations of meat and certain meat products at chill temperatures. This was not a new species sensu strictu. It had been isolated from meat and named by Eichholz (17) , had been tentatively placed in the rRNA group I (47), and had been shown by Hussong et al. (28) to be an important spoilage organism in the dairy industry. Further studies by Molin and Ternstrom (42), Molin et al. (43) , and Prieto et al. (52) of meat (beef or lamb) defined a new species, P. lundensis. P. fluorescens and the two species noted above constitute a significant part of the spoilage microflora on chilled meat stored in an aerobic atmosphere. In practice, members of the P. fragi complex and P. lundensis were the dominant organisms in the vast majority of the meat samples examined by these authors.
In the present study, with both physiological characteristics and whole-cell protein profiles, it was not possible to differentiate P. fluorescens from P. fragi and P. putida isolates, which grouped together in cluster II. These results confirm those of previous reports, where even DNA-RNA hybridization and 23S ribosomal DNA sequencing (5, 9, 14, 38) were not enough to distinguish properly these three species. However, other studies have not revealed a close relationship among these species (41, 42, 54) . Only for P. fluorescens biovar V was it shown that this species was similar either to P. fragi (5, 38) or to P. putida (8) . Indeed, in the present study, P. fluorescens biovar V was found to be close to the reference strains of P. fragi and P. putida on the basis of whole-cell protein profiles. Considering the close relationships among those three species, many authors have suggested the reclassification of the Pseudomonas genus (1, 56, 67) . We designated cluster II strains as belonging to the P. fluorescens complex. Indeed, the physiological characteristics of these strains precluded the possibility that they were P. putida, whereas two strains had a phenotype similar to that of P. fragi (47) ( Table 1) .
The physiological characteristics of the strains in cluster IV, as well as the fact that the reference strain of P. lundensis clusters with them in the SDS-PAGE analysis of whole-cell proteins, suggest that these 45 strains belong to the species P. lundensis (43, 60) . A phenotypic profile similar to that of P. lundensis was obtained for the strains in cluster V as well.
However, the SDS-PAGE analysis could differentiate these strains from those in cluster IV.
The succession of pseudomonads during aerobic storage of meat and fish at low temperatures is well established (19, 21, 22, 32) . It was evident that the taxonomic composition of the pseudomonad population was determined largely by the relative incidence of each taxon in the initial contamination. This finding may imply that the absence of change in proportions with storage is due to the taxa having similar growth rates. However, this notion is under dispute. The observation of Lebert et al. (35) that strains of P. fragi had shorter lag times than those of P. fluorescens partly explains the domination of the former over the latter during the chilling process in meat and fish, despite the higher initial incidence of P. fluorescens (21, 23, 34) .
In fish samples, P. fragi and P. fluorescens were also the major members of the pseudomonads, but only a few isolates were characterized as P. lundensis (20, 60) . In the present study, it was found that there was an important contribution of the P. lundensis group initially and at the end of storage of gilt-head sea bream fish at low temperatures. The population of P. fluorescens followed, while that of P. fragi was limited. The temperature of storage and the composition of the atmosphere affected the contributions of the above-mentioned groups in the final population of pseudomonads in fish (Table 2) .
Indeed, it is well known that the contribution of pseudomonads to the final microbial association of fish or meat depends on the composition of the atmosphere as well as on the permeability of the film used for the packaging of these products (12, 57) . In this study, it was evident that there was a further selection among the different pseudomonad groups as far as the storage conditions were concerned. Indeed, strains of clusters I and V were found mainly at higher storage temperatures (10 and 20°C) in both aerobic and MAP conditions. On the contrary, strains of clusters II and IV were able to grow under aerobic conditions at all tested temperatures and at chill temperatures (0 and 10°C) under MAP conditions. The ability of Pseudomonas spp. to grow in refrigerated meat and fish is due partly to their distinct metabolism of glucose (46) . Drosinos and Board (16) found metabolic differences among Pseudomonas spp. from meat. They proposed that the dominance of P. fragi over P. lundensis and P. fluorescens is due to its ability to metabolize creatine and creatinine under aerobic conditions but not under modified atmospheres. The facts that in fish the concentration of glucose is rather limited and that the selected strains were unable to assimilate creatine could partly explain the dominance of proteolytic strains (Tables 1 and 2) of the fluorescent group and the failure of P. fragi to become dominant in fish under either type of storage conditions. The interaction between proteolytic and nonproteolytic strains should also be taken into account (66) .
The present study revealed that P. lundensis and P. fluorescens biovars are likely to be more common and that P. fragi and P. putida are likely to be less common in fish that originating from the Mediterranean Sea. More research is needed in this field.
